A two-sludge denitrifying phosphorus removal process (A 2 N-SBR), acclimatized with propionate, was proposed as an efficient method for nitrous oxide ( 
Introduction
As an important measure for eutrophication control, biological nutrient removal (BNR) process has been increasingly applied worldwide for more effective removal of nutrients, mainly nitrogen and phosphorus, in municipal wastewater. However, it has been known that BNR process is an important nitrous oxide (N 2 O) emission source [1] . N 2 O is a potent greenhouse gas, and its 100-year global warming potential is approximately 300 times stronger than that of carbon dioxide (CO 2 ) [2] . It can also react with oxygen (O 2 ) to produce nitric oxide (NO) in the stratosphere and consequently contribute to the destruction of ozone layer [3] . Therefore, effective control of N 2 O emission from BNR process is of great importance and attracts increasingly more attention.
Over the past decade, great efforts have been devoted to investigating the characteristics of N 2 O emission from BNR processes. It has been widely acknowledged that most N 2 O was generated in aerobic stages, mainly by autotrophic nitrification and heterotrophic denitrification [4] [5] [6] . In autotrophic nitrification, ammonium is oxidized to nitrite by ammonium-oxidizing bacteria (AOB), and the nitrite is further oxidized to nitrate by nitrite-oxidizing bacteria (NOB). When nitrite is accumulated, AOB denitrification occurs in which nitrite was reduced to N 2 O and N 2 [7] . In heterotrophic denitrification, reduction of nitrite/nitrate can be carried out by denitrifier under low oxygen condition, and the end product is mainly N 2 O rather than N 2 [8] .
Most BNR processes so far are single-sludge systems wherein nitrifying bacteria, heterotrophic denitrifying bacteria, and phosphate-accumulating organisms (PAO) co-exist with each other. For the optimal growth of heterotrophic denitrifying bacteria and PAO, these systems normally cannot be operated at long sludge retention time (SRT) and high dissolved oxygen (DO) concentration [9] . Unfortunately, under such operating conditions, the high metabolic activity of NOB cannot be achieved, resulting in more serious nitrite accumulation and consequently a larger amount of N 2 O generation [10, 11] . Besides, as previously mentioned, the low DO concentration can also promote N 2 O generation by favoring the occurrence of heterotrophic denitrification in aerobic stages [11, 12] . It therefore appears that N 2 O generation in aerobic stages may be effectively reduced if the NOB can be separated into an independent reactor, operated at desirable conditions (i.e., long SRT and high DO concentration).
One promising solution to the inherent limitation of N 2 O reduction in single-sludge system turns out to be the use of two-sludge system, known as anaerobic-anoxic/nitrifying sequencing batch reactor (A 2 N-SBR). The two-sludge system consists of an anaerobic-anoxic SBR (A 2 -SBR), and a separate nitrification SBR (N-SBR) operated at the conditions favoring the growth of NOB [13] [14] [15] . It is therefore hypothesized that N 2 O generation in the N-SBR can be significantly reduced, due to the enhanced NOB activity and no occurrence of heterotrophic denitrification.
However, no special efforts have yet been made to understand the potential reduction of N 2 O generation in the N-SBR of two-sludge system. As an initial attempt, our study presents an A 2 N-SBR system acclimatized with 
Materials and Methods

Experimental system setup and operation
Two laboratory-scale systems, an A 2 N-SBR and a conventional AO-SBR, were The main operational parameters of the two systems are summarized in Table 1 . 
Synthetic wastewater
Batch tests
Three series of batch tests were conducted in order to further verify the hypothesized mechanisms responsible for N 2 O reduction in the two-sludge SBR system acclimatized with propionate. Two reactors, each having a working volume of 1.4 L, were used in the batch tests. The temperature was controlled to be the same as that in parent reactors.
N 2 O reduction in N-SBR
Batch test 1, 2 were carried out to verify the lack of heterotrophic denitrification and the enhanced metabolic activity of NOB in N-SBR. Batch test 1, a total of 2.8 L of mixed liquor was taken from the parent N-SBR at the beginning of aerobic stage, and divided equally into the two batch-test reactors (BT-1 and BT-2). Following the method described by Tallec et al. [22] , a certain amount of nitrite, allylthiourea (ATU), and chlorate (NaClO 3 ) was added into BT-1 to give an initial NO 2 --N, ATU, and NaClO 3 concentration of 5, 10, and 1000 mg/L, respectively. In contrast, BT-2 was only supplied with the same amount of nitrite. The two batch-test reactors were aerated for 120 min, and the DO concentrations were maintained to be the same as that in the parent N-SBR reactor.
Since ATU [23] and NaClO 3 [24] are well known nitrification inhibitors, the N 2 O generation in BT-1 can be reasonably assumed to be mainly from heterotrophic denitrification, which is expected to be around zero. The N 2 O generated by autotrophic nitrification was equal to the difference between BT-1 and BT-2.
Moreover, for comparison, an additional batch test was performed for AO-SBR following the same procedure as that applied to N-SBR.
In batch test 2, the metabolic activity of NOB, indicated by nitrite oxidation rate 
N 2 O reduction in
Analytical methods
3--P and MLSS were analyzed in accordance with Standard Methods [25] . DO was measured with DO meters (HQ40d53LDO™, HACH, USA). The off-gas N 2 O was collected and calculated according to the methods of Yang et al. [6] . The N 2 O concentrations in gas and liquid phases were measured using gas chromatography (GC) (SP-3410, Beifen, China) and N 2 O microsensor (N 2 O-100, Unisense A/S, Denmark), respectively.
Results
General Performance
The A 2 N-SBR and AO-SBR reached steady state after running about four months, the sludge also showed a better settleability [13] . The excellent TN and PO 4 3--P removal efficiencies of A 2 N-SBR may be attributed to the existence of DPAOs, which could remove nitrogen and phosphorus simultaneously using the same carbon source [13] . On the contrary, in single-sludge AO-SBR systems, the removal of nitrogen and phosphorus were respectively carried out by denitrifiers and polyphosphate-accumulating organisms (PAO), both of which require carbon source. Therefore, the low influent carbon source could not meet the demand of denitrifiers and PAO for simultaneous nitrogen and phosphorous removal in AO-SBR. The main explanation is that AO-SBR used propionate as carbon source for 13 denitrification, but A 2 -SBR using poly-b-hydroxyalkanoates (PHA) for denitrification.
A typical cycle of A 2 N-SBR system
Some researchers also reported that the consumption of PHA for denitrification could increase the N 2 O generation [26] [27] [28] . In the aerobic period, N 2 O generation amount increased rapidly and reached to the highest value of 0.20 mg/L at 150 min.
Discussion
As a suitable carbon source for DPAOs, propionate could maintain the stability of denitrifying phosphorous removal process [18] . Therefore, the nitrogen and phosphorous removal efficiencies in the studied A 2 N-SBR appeared to be above 90% all the time. With the use of sludge fermentation liquid enriched in propionate, improved nitrogen and phosphorous removal was observed in a single-sludge denitrifying phosphorous removal via nitrite system [29] . The nitrogen and phosphorous removal efficiencies (98.7% and 97.6%) were higher than those of the presented A 2 N-SBR (Table 4 ). The lower phosphorous removal efficiency of A 2 N-SBR may be partly attributed to the lower influent phosphorous concentration (5 mg/L), whereas the lower nitrogen removal efficiency in A 2 N-SBR may be due to the inevitable discharge of some residual ammonia. However, it was noteworthy that nitrite rather nitrate was the intermediate between nitrification and denitrification in the single-sludge SBR [29] , and the accumulation of nitrite could cause N 2 O generation. It is therefore assumed that the N 2 O generation in the single-sludge SBRs would possibly be higher, justifying further research needs. Table 5 
Causes of low N 2 O generation in N-SBR
It can be seen from Table 5 that the N 2 O generation amount during aerobic stage of N-SBR accounted for 0.47% of the influent nitrogen load, which was much lower than those in AO-SBR and other systems. Moreover, N 2 O generation in AO-SBR was also found to be lower than that in the study of Jia et al. [30] . This may be attributed to the difference of carbon source. In this study propionate was used as carbon source, whereas Jia et al. [30] using acetate and glucose. It has been reported that the use of [31] also found that the N 2 O emission was decreased in a laboratory-scale composting experiment with the addition of NOB, and the main reason was supposed to be the added NOB preventing NO 2 -accumulation.
Causes of low N 2 O generation in anoxic stage of A 2 -SBR
Although N 2 O generation amount in anoxic stage of A 2 -SBR was much higher than that in AO-SBR (Table 5) can be recommended as a promising external carbon source for effective control of N 2 O generation during biological wastewater treatment processes.
Conclusion
In summary, this study suggested that the two-sludge SBR system acclimatized and propionate as carbon source, respectively.
Table 1
The operating parameters of different reactors 
